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In Brief
The amoeba Paulinella chromatophora contains a photosynthetic organelle (termed ''chromatophore'') that evolved from a cyanobacterium approximately 1 billion years later than plastids in plants and algae. Here, Singer et al. show that this early-stage organelle imports hundreds of host proteins through a novel protein import pathway.
SUMMARY
The endosymbiotic acquisition of mitochondria and plastids more than 1 Ga ago profoundly impacted eukaryote evolution. At the heart of understanding organelle evolution is the re-arrangement of the endosymbiont proteome into a host-controlled organellar proteome. However, early stages in this process as well as the timing of events that underlie organelle integration remain poorly understood. The amoeba Paulinella chromatophora contains cyanobacterium-derived photosynthetic organelles, termed ''chromatophores,'' that were acquired more recently (around 100 Ma ago). To explore the re-arrangement of an organellar proteome during its integration into a eukaryotic host cell, here we characterized the chromatophore proteome by protein mass spectrometry. Apparently, genetic control over the chromatophore has shifted substantially to the nucleus. Two classes of nuclear-encoded proteins-which differ in protein length-are imported into the chromatophore, most likely through independent pathways. Long imported proteins carry a putative, conserved N-terminal targeting signal, and many specifically fill gaps in chromatophore-encoded metabolic pathways or processes. Surprisingly, upon heterologous expression in a plant cell, the putative chromatophore targeting signal conferred chloroplast localization. This finding suggests common features in the protein import pathways of chromatophores and plastids, two organelles that evolved independently and more than 1 Ga apart from each other. By combining experimental data with in silico predictions, we provide a comprehensive catalog of almost 450 nuclear-encoded, chromatophore-targeted proteins. Interestingly, most imported proteins seem to derive from ancestral host genes, suggesting that the re-targeting of nuclear-encoded proteins that resulted from endosymbiotic gene transfers plays only a minor role at the onset of chromatophore integration.
INTRODUCTION
Eukaryotes co-opted photosynthetic carbon fixation more than 1 Ga ago from prokaryotes by endosymbiotic uptake of a cyanobacterium and stably integrating it as a photosynthetic organelle (plastid) [1, 2] . At the heart of understanding organelle evolution and the physiology of the resulting chimeric organism is the rearrangement of the endosymbiont proteome as a consequence of loss of endosymbiont genes and import of nuclear-encoded proteins. But the ancient origin of plastids (and mitochondria) makes it difficult to infer the nature of the initial interactions between host and endosymbiont and the timing of events that underpin organellogenesis. The thecate amoeba Paulinella chromatophora (Cercozoa, Rhizaria) offers the exciting opportunity to explore interactions of a eukaryotic host cell with a photosynthetic organelle at an earlier stage of integration [3] . P. chromatophora harbors photosynthetic organelles termed ''chromatophores'' that originated only 90-140 Ma ago [4] from an a-cyanobacterium through an endosymbiotic event that is independent of the one that gave rise to plastids in the Archaeplastida [5, 6] . The chromatophore is surrounded by two envelope membranes and a peptidoglycan layer [7] . Its genome (1 Mb) is reduced to approximately one-third of the ancestral cyanobacterial genome [8] , and >70 genes of a-cyanobacterial origin, which most likely result from endosymbiotic gene transfers (EGTs) from the chromatophore, are now expressed from the nuclear genome [9] [10] [11] . Overall, nuclear-and chromatophore-encoded functions are highly complementary, with many genes for proteins involved in the same metabolic pathway or cellular process being distributed over both chromatophore and nuclear genome [9] . In addition to genes of eukaryotic and EGT origin, many genes apparently originating from various bacterial lineages through horizontal gene transfer (HGT) have predicted functions that would compensate for lost chromatophore functions [9] .
We recently found that two EGT-derived small photosystem I (PSI) subunits, PsaE and PsaK, are synthesized in the amoebal cytoplasm and are imported into the chromatophore. Surprisingly, despite the lack of an N-terminal signal peptide (SP; which usually confers co-translational protein import into the endoplasmic reticulum [ER]) as well as transmembrane domains (which could confer post-translational insertion into the ER membrane through the GET pathway [12] ), PsaE seems to traffic on the way to the chromatophore through the Golgi [13] . Compounds of a hypothetical basic protein translocator, most notably an ortholog of TIC21 that forms a protein-conducting channel in the inner plastid membrane, have been identified in the chromatophore genome [14, 15] . A homolog of TOC75, the main import channel of the chloroplast outer membrane has not been found in P. chromatophora. Hence, the mechanism through which proteins are imported into the chromatophore remains unclear. Also, whether the chromatophore has evolved the capacity to import, besides short proteins, also higher-molecular-weight metabolic enzymes or metabolic pathways are rather connected through extensive metabolite shuttling between chromatophore and host is currently unknown.
To explore the proteome composition of an early-evolutionary-stage photosynthetic organelle, we set out to identify chromatophore-targeted proteins by protein mass spectrometry (MS). In particular, our study aimed to (1) test whether, in addition to short EGT-derived proteins, also host-or HGT-derived metabolic enzymes contribute to the chromatophore proteome, (2) deduce metabolic pathways that localize to the chromatophore, (3) identify common sequence motifs within chromatophore-targeted proteins that might serve as chromatophore targeting signal, and (4) develop an in silico approach to predict chromatophore-targeted proteins.
RESULTS
The P. chromatophora Proteome Dataset To examine the chromatophore proteome composition, chromatophores were isolated from P. chromatophora CCAC0185 to high purity (Figures S1A and S1B). Proteins extracted from isolated chromatophores and whole-cell lysates showed distinct banding patterns in SDS-PAGE. The prominent two bands at $17 kDa that represent the chromatophore-encoded phycobiliproteins [13] appeared strongly enriched in isolated chromatophores ( Figure S1C ). MS analysis of three independent chromatophore isolations and whole-cell lysates yielded a highly reproducible pattern of normalized ion intensities between replicates ( Figure S1D ).
Overall, we identified 2,452 P. chromatophora proteins (Figure 1 ; Table S1 ). 2,358 of these were identified in the wholecell lysates and 641 in the chromatophores. 960 and 283 proteins were identified with at least two different peptides and in at least two replicates in whole-cell lysates or chromatophores, respectively. These proteins are regarded as ''high-confidence (HC) proteins''; the remaining proteins are regarded as ''low-confidence (LC) proteins.'' Marker proteins for cytoskeleton, ER, mitochondrion, and peroxisome were absent in chromatophores (Table S2 ). Also, of the 100 nuclear-encoded proteins that were most abundant in the whole-cell lysates (Table S3 , green section), only two proteins (annotated as b-carbonic anhydrase and polyubiquitin) were identified in the chromatophores, although with strongly diminished average ion intensities as compared to whole-cell lysates (>200-fold and 4.5-fold lower signal intensity for the carbonic anhydrase and polyubiquitin, respectively). At least for polyubiquitin, a specific interaction with chromatophore outer membrane proteins seems possible (see Discussion). Together, these results indicate high purity of the chromatophore samples with virtually no unspecific contamination from other cell compartments.
Chromatophore-Encoded Proteins
Of the 641 proteins (283 HC proteins) identified in the chromatophore fraction, 422 (238 HC proteins) were chromatophore encoded ( Figure 1B) . This corresponds to a coverage of 49% (27% for HC proteins) of the total 867 chromatophore-encoded proteins. In accord with its photosynthetic function, the 20 proteins yielding highest average ion intensities in chromatophore samples were chromatophore-encoded subunits of the cyanobacterial light-harvesting antennae, the carboxysome, the photosynthetic apparatus (PsaC, PsaD, PsaF, and PsbO), the F-type ATPase, metabolic enzymes involved in carbon fixation via the Calvin cycle, and the molecular chaperones GroEL and DnaK (Table S3 , yellow section). Of the 422 chromatophore-encoded proteins identified in chromatophores, 399 proteins (or 237 of 238 HC proteins) appeared enriched in chromatophores Figure 1B ). The 23 chromatophore-encoded proteins that appear depleted in chromatophores most likely reflect rather the semiquantitative nature of MS analyses than protein export (all of the depleted proteins are of low abundance, i.e., 3.6%-0.1% of the average protein abundance found across all proteins identified within chromatophores). In line with this interpretation, several of these depleted proteins have functions that clearly localize to the chromatophore (e.g., an ATP synthase subunit, 50S ribosomal protein, and plastocyanin precursor).
Two Classes of Proteins Appear to Be Imported into the Chromatophore The remaining 219 proteins (45 HC proteins) identified in the chromatophores were nuclear-encoded. 207 of these 219 proteins (43 of 45 nuclear-encoded HC proteins) were enriched in chromatophores as compared to whole-cell lysates and were regarded as import candidates ( Figure 1B ; Table S3 ). Examining the import candidates revealed two groups of proteins. Considering only the 145 proteins for which full-length coding sequence (CDS) information was available, the first group comprises 85 short proteins of <90 amino acid length (with 10 HC import candidates); the second group, with a broader variance in lengths, comprises 60 proteins with a length of >268 amino acids (with 24 HC import candidates) ( Figure S2 ). Retrieval of the full-length mRNA sequence was confirmed by the presence of a spliced leader (SL) sequence at the 5 0 end (see [9] ) or an in-frame stop codon upstream of the start methionine.
Notably, among the short LC import candidates were the nuclear-encoded PSI subunits PsaE and PsaK, which have been demonstrated before to be part of PSI [13] . Other short import candidates were four EGT-derived high-light-inducible (HLI) photoprotective proteins [10, 11] and two proteins annotated as cold-shock proteins. However, most of the short import candidates do not have homologs in other organisms (67 proteins) or are conserved proteins of unknown function (10 proteins). Aligning short import candidates with homologous sequences from other species confirmed the previous notion that short chromatophore-targeted proteins lack N-terminal pre-sequences [13] ( Figure S3A ). Interestingly, many of the short import candidates (39 proteins) exhibit conspicuous cysteine motifs (CxxC or CxxxxC) and/or stretches of positively charged amino acids that are characteristic of antimicrobial peptides (AMPs) ( Figure S3B ).
Among the 24 long HC import candidates, 18 have specific annotated functions (Table S3 , blue section). Most of these proteins represent enzymes involved in the primary metabolism, and several specifically fill gaps in chromatophore-encoded metabolic pathways (Figure 2) . Examples are the pyrroline-5-carboxylate reductase (ProC) and the 3-isopropylmalate dehydrogenase (LeuB) that catalyze the only enzymatic reactions in proline and leucine biosynthesis, respectively, for which the corresponding gene is missing from the chromatophore genome ( Figure 2 ). The arginine biosynthetic pathway is encoded by a complementary patchwork of nuclear and chromatophore genes. Enzymes that perform the first three and the fifth step of the pathway (the bifunctional glutamate/ornithine acetyltransferase ArgJ, the N-acetylglutamate kinase ArgB, and the N-acetyl-gamma-glutamyl-phosphate reductase ArgC) were found to be imported into the chromatophore; enzymes that catalyze steps four and six (ArgD and ArgF) as well as the generation of carbamoyl phosphate (CarA and CarB) are chromatophore-encoded and were also identified in the chromatophore. Enzymes that catalyze the last two steps of the pathway (ArgG and ArgH) are nuclear-encoded and carry a predicted mitochondrial transit peptide (mTP) [13] . Both proteins were identified in whole-cell lysates, but not in chromatophores, in congruence with a putative mitochondrial localization.
Identification of a Putative N-Terminal Import Signal in Long Import Candidates
In contrast to the short import candidates, all long HC import candidates showed conspicuous N-terminal extensions compared to orthologous sequences from other species (Figure 3A) . Aligning the N termini of these 24 proteins revealed a conserved protein sequence of approximately 200 amino acids length (varying from 97 to 221 amino acids) that we interpret in analogy to mitochondrial and plastid transit peptides (mTPs and cTPs) as a putative chromatophore transit peptide (crTP) ( Figure 3B ). Also, 26 out of 36 LC import candidates carried the N-terminal crTP. The remaining 10 LC import candidates that lack a crTP might represent proteins that specifically associate with the outer chromatophore membrane, proteins imported through a crTP-independent pathway, or contaminants (8 out of 10 proteins were identified with one or two peptides only). Analyzing the 24 crTPs from HC import candidates revealed that crTPs show no significant sequence similarities to known protein sequences in the NCBI nr protein database (blastp; E value cutoff of 1.0EÀ3), and no protein family membership, Table S7 . For identity of sequences 01-24, see Table S3 . See also Figures S2 and S4. domains, repeats, or Gene Ontology (GO) terms were found by InterProScan [16] . The net charge of the crTPs at pH 7 varies between +9.0 and À13.7. Known targeting sequences (SPs, mTPs, or cTPs) were not predicted by TargetP [17] . Only for 2 out of 24 proteins (scaffold1147-m.16381 and scaffold2581-m.28831), a transmembrane domain was predicted within the crTP. However, all 24 sequences have a predicted propensity to form hydrophobic or amphiphilic a helices (Figures S4A and S4B) [18] . Finally, we noted that, in chromatophore samples, MS-identified tryptic peptides originated not exclusively from the conserved part of import candidates but also from their crTPs ( Figure S4C ). This finding suggests that the crTP is either not cleaved off after protein translocation or that the cleaved crTP is relatively stable.
In Silico Prediction of Chromatophore-Targeted Proteins To computationally identify additional (long) import candidates within the 60,973 translated nuclear P. chromatophora transcripts, we generated support vector machine (SVM) models for the long import candidates. In addition to that, a hidden Markov model (HMM) approach was applied (see STAR Methods for details). We used a combination of the SVM (with a cutoff of R0.663) and the HMM approach with R4, R3, or R2 identified sequence motifs (SVM&HMM_4, SVM&HMM_3, or SVM&HMM_2). These three approaches, respectively, yielded a total of 478, 498, or 519 predicted chromatophore-targeted proteins >250 amino acids. To investigate specificity and sensitivity of the three different methods, we compared in silico predictions with MS-inferred protein localizations. Of the 33 MSidentified long import candidates, which were not used as training or test data for the SVM and HMM approaches, SVM&HMM_4 and SVM&HMM_3 failed to identify 11 and SVM&HMM_2 failed to identify 10 proteins. These 10 false-negative proteins were the LC import candidates lacking crTPs (see above). The remaining protein that was missed by SVM&HMM_4 and SVM&HMM_3 but identified by SVM&HMM_2 showed an unusually divergent crTP. Of the 670 full-length proteins that were found exclusively in whole-cell lysates by MS, all three methods predicted the same 9 proteins as imported. Manual inspection of these sequences revealed the conserved crTP sequence at their N termini, suggesting that these proteins are imported into the chromatophore but were missed by the MS analysis (all 9 proteins were identified with %3 peptides). Thus, because SVM&HMM_2 showed a slightly increased sensitivity over SVM&HMM_3 and SVM&HMM_4, whereas the specificity of the 3 models was the same (Figure 4A ), for further analyses, SVM&HMM_2 predictions were used.
Out of the 519 proteins predicted with SVM&HMM_2, 220 proteins were predicted only by SVM, 113 only by HMM, and 186 by both approaches (Table S4) . 5, 15, and 50 of these proteins were identified as import candidates by MS, respectively. The N termini of all proteins predicted with both models, and 105 out of 113 proteins predicted by the HMM_2 model, aligned well with the known crTP sequences, whereas the N termini of the remaining 8 proteins predicted by HMM_2 alone did not. Of the proteins identified by SVM alone, only three (all of them MS-identified import candidates) contained an N terminus that was easily alignable to the known crTPs, although the crTP sequence in these three proteins was quite divergent and much shorter than usual (e.g., Figure 3B , sequences 23 and 24) . Among the remaining 225 predicted import candidates that lack an easily alignable crTP sequence, there were only two MS-identified import candidates. Thus, whether these proteins are imported into the chromatophore based on similar physicochemical properties of their N termini with the conserved crTP sequence or represent false-positive predictions is currently unclear and will have to be tested experimentally. Therefore, at this point, we consider only the 291 in-silico-predicted proteins with alignable crTP as confidently predicted import candidates (Table S5) .
Reconstruction of Chromatophore-Localized Metabolic Pathways and Processes
Many of these 291 confidently predicted import candidates seem to fill further gaps in chromatophore-localized biosynthetic pathways/processes ( Figures 4B-4D ). For some nuclear-encoded proteins that would be expected to localize to the chromatophore (based on the presence/absence pattern of genes involved in the same pathway on the chromatophore genome), no predictions were obtained, owing to the absence of 5 0 full-length transcripts. One example is the uroporphyrinogen III synthase (HemD) involved in chlorophyll biosynthesis. However, manual inspection of the corresponding transcript revealed the presence of a truncated crTP. In this way, complete chromatophore-localized biosynthetic pathways for further amino acids, co-factors, and nucleotides were reconstructed ( Figure 4C ). Further examples of functions provided by predicted import candidates include the ligation of DNA nicks during DNA replication through a DNA ligase of bacterial origin [9] (Figure 4D ) and the detoxification of methylglyoxal ( Figure 4B ). In the pathways analyzed, most nuclear-encoded enzymes for which a chromatophore-encoded variant is present did not feature a crTP (Figures 4B-4D) . For a few enzymes, however, a nuclear isoform carrying a crTP was observed despite the presence of a chromatophore gene for the same enzyme (e.g., GloA and HemF; Figures 4B and 4C) .
Taken together, experimental evidence and in silico predictions identified 433 putatively chromatophore-targeted proteins (Table  S5) . 226 of these proteins are of unknown function, the remaining 207 involved in diverse cellular processes ( Figure 4E ). The largest functional group (47 of 116 proteins that could be assigned to a specific functional class) contains proteins involved in genetic information processing ( Figure 4E ); in particular, we identified 22 zinc finger-type transcription factors, several DNA and RNA helicases, and one poly-A polymerase. Also, many metabolic enzymes seem to be imported into the chromatophore with 13 proteins involved in amino acid, 13 in carbohydrate, two in each lipid and co-factor/vitamin, and 9 in nucleotide metabolism. 9 chromatophore-targeted proteins function in photosynthesis and light acclimation, and further 9 proteins respond to oxidative stress. Finally, 7 proteins might be involved in protein transport and folding ( Figure 4E) ; among them is an ortholog of the chloroplast protein translocator component TIC32. Overall, chromatophore-targeted proteins showed a pronounced over-representation of plastid or sub-plastidial compartment-related GO terms ( Figure 4F ).
Phylogenetic Origin of Imported Proteins
Interestingly, only 17 of the 433 (experimentally determined + predicted) import candidates are of a-cyanobacterial origin and most likely arose through EGT (Table S5 ). Most of these EGT proteins are involved in photosynthesis and light acclimation. Additional 26 import candidates are of bacterial origin and were most likely acquired through HGT [9] [10] [11] (see Table S5 ). Thus, the remaining 390 import candidates are of host or uncertain origin.
It has been described before that many EGT/HGT genes in P. chromatophora experienced gene family expansions probably after the transfer event [9] . One example is the nuclear-encoded cysteine synthase A (CysK) of a-cyanobacterial origin that diversified into three nuclear isoforms. Two of these isoforms were identified by unique peptides in our MS analysis; the chromatophore-encoded CysK (PCC0298) was not experimentally identified. Intriguingly, subcellular localization of the nuclear-encoded CysK isoforms correlated with features in the protein sequences ( Figure 5 ). Whereas scaffold4337-m.41170 (which was enriched in chromatophores) acquired a crTP after gene duplication, scaffold2205-m.25816 (which was exclusively found in whole-cell lysates and thus most likely remains in the cytoplasm) shows no N-terminal extension but acquired a C-terminal Rossmann fold. The Rossmann fold is a protein structural motif that is found in many nucleotide-binding proteins but is neither found in the chromatophore nor other cyanobacterial CysK proteins. Its specific function in the cytoplasmic CysK isoform remains elusive.
Subcellular Localization of Chromatophore-Targeted Proteins upon Expression in Plant Cells
To test whether the P. chromatophora crTP or cryptic targeting signals within short import candidates would show any targeting capacity in the heterologous context of a plant cell, we expressed recombinant fluorescent fusion proteins transiently in tobacco ( Figure 6 ). For this purpose, (1) the crTP derived from scaffold5513-m.48594 (annotated as flavin reductase; Figure 3B , sequence 5) and (2) the short import candidate PsaE (scaffold17097-m.100929) were fused to the N terminus of the yellow fluorescent protein (YFP), transiently expressed in Nicotiana Table S5 ). MB, metabolism. (F) Word-cloud visualization of GO bias analysis (for cellular component) of import candidates. All import candidates (experimentally determined + in silico predicted; see Table S5 ) were analyzed against the background of all nuclear-encoded P. chromatophora proteins. See also Tables S4, S5, S6, and S7. benthamiana plants, and protein localization was analyzed by fluorescence microscopy of isolated protoplasts. Whereas PsaE::YFP as well as YFP, which was expressed alone as a control, showed a clear cytoplasmic localization (Figures 6B and  6C ), crTP::YFP localized to the plastid ( Figure 6D ). Within the plastid, crTP::YFP fluorescence was observed over the envelope as well as the stroma as indicated by the complementary pattern of YFP signal and chlorophyll autofluorescence of the thylakoid grana stacks. Thus, the N-terminal crTP surprisingly seems to direct YFP to the chloroplast and mediate its translocation across the chloroplast envelop membranes. To test whether the plastid-targeting capacity found in the flavin reductase crTP was a general crTP feature, we expressed two further crTPs in the tobacco system. We chose one ''typical'' crTP (derived from scaffold2991-m.31974) and one unusually short crTP that was only predicted by the SVM, but not the HMM approach (derived from scaffold4793-m.44132; Figure 3B , sequences 12 and 24, respectively). Expression of both constructs in tobacco resulted in plastid-localized YFP fluorescence ( Figure S5 ), suggesting that the plastid-targeting capacity is a general feature of crTPs.
DISCUSSION
The Chromatophore Proteome Dataset The aim of this study was to determine the proteome of the chromatophore, a unique early-stage primary photosynthetic organelle. Based on the coverage of chromatophore-encoded proteins in our MS analysis, we extrapolate that our MS data cover roughly half of the total chromatophore proteome (and more than one quarter with HC). Purity of the chromatophore isolates was confirmed by the absence of marker proteins for other cell compartments and nearly all of the 100 most highly abundant nuclear-encoded proteins (Table S3 , green section). Because the chromatophores take up a considerable space within P. chromatophora cells (see Figure S1A ), a moderate enrichment of a specific protein in chromatophores compared to wholecell lysates (as indicated by Int C À Int L > 0) was considered sufficient to classify a nuclear-encoded protein that was identified in chromatophores as true import candidate. Using this criterion, we identified two classes of chromatophore-targeted proteins, the ''short'' and ''long'' import candidates.
Short Import Candidates
For the short import candidates, no common sequences features could be identified that might function as chromatophore import signal. Nevertheless, the set of proteins in this group appears to be not random but contains mainly two classes of short proteins, for which chromatophore localization is plausible based on their predicted cellular function: (1) there are several photosynthesis-related and photoprotective proteins (PsaE, PsaK, and 4 HLI proteins), and (2) the largest group of short import candidates consists of AMP-like proteins. AMPs are effectors of the innate immunity in eukaryotes that kill potentially harmful bacteria through formation of transmembrane pores, membrane rupture, or self-translocation across bacterial membranes followed by the attack of intracellular targets [19] . In members of the amoebozoa, similar proteins were found to be discharged into phagosomes mediating the lysis of prey bacteria [20] . However, recently AMP-like proteins are increasingly recognized to play a role in endosymbiosis [21] . These ''symbiotic AMPs'' have been described from phylogenetically unrelated endosymbiotic systems (plants and insects). In both systems, endosymbionts are confined to specific symbionthousing organs. Many symbiotic AMPs are selectively expressed in these symbiotic organs and targeted to the endosymbionts, where they can inhibit cell division, induce morphological and physiological transformations, or are involved in confining the symbiont to the symbiotic organ [22] [23] [24] . Hence, the AMPlike short import candidates might derive from short proteins that were originally involved in cell defense or lysis of prey bacteria in the phagotrophic P. chromatophora ancestor [3] and evolved novel functions involved in the control of chromatophore growth, division, physiology, and/or metabolite transport [21] .
Long Import Candidates
The identified long import candidates provide the first experimental evidence that, through the import of nuclear-encoded metabolic enzymes, chimeric metabolic pathways are completed within the chromatophore. The crTP, found in all HC and most LC long import candidates, indicates that a common targeting and import mechanism is used by long proteins to enter the chromatophore. The 10 LC import candidates without crTP might be imported into the chromatophore through a crTP-independent pathway or co-purify with the chromatophore due to protein/protein interactions with chromatophore outer membrane proteins. In plastids, most outer envelope proteins lack cTPs as well [25] . Also, some of the nuclear-encoded proteins that were identified, but not enriched, in chromatophores might specifically interact with the chromatophore. One example is polyubiquitin. In plastids and mitochondria, ubiquitination of outer-membrane proteins is involved in the control of the outer-membrane proteome composition [26, 27] . A similar function of ubiquitin is conceivable for the chromatophore.
Origin of the crTP and Import Mechanism
Because crTPs do not show significant sequence similarity to protein sequences in public databases or any conserved domains, the origin of the crTP remains elusive. The fact that the crTP shows conserved sequence motifs excludes the possibility Schematic amino acid alignment (left) and proteomic data and gene localization (right) for cyanobacterium-derived cysteine synthase A isoforms in P. chromatophora. Abbreviations: chr, chromatophore; Int C and Int L , average ion intensity in chromatophores and whole-cell lysates; Loc, protein localization determined by MS; neg, negative value; nuc, nucleus; pos, positive value; Rep C and Rep L , identified in x chromatophore/lysate replicates. See also Table S3. that it evolved from random stretches of DNA that are transcribed and translated, as has been proposed for other organellar transit peptides [28] . Interestingly, cTPs and mTPs have recently been suggested to derive from AMPs [29] . This proposal is based on the facts that AMPs and TPs have structural similarities, both have the capacity to interact with bacterial membranes, and antimicrobial activity has been reported for some TPs. According to this proposal, an ingested organelle precursor might have resisted host AMPs through uptake of the AMPs using a specific transporter and their intracellular proteolytic degradation. Re-arrangements in the host genome led then to the fusion of AMP genes with other nuclear genes, resulting in gene products that are competent for import into the evolving organelle [29] . The P. chromatophora crTP does not show sequence similarity to the putative symbiotic AMPs identified in this study. However, AMPs are a very diverse class of short proteins that are defined by their physiological activity. Thus, experimental work will be required to test whether or not crTPs show antimicrobial activity.
So far, the interpretation of the crTP as a chromatophore-targeting sequence is based on correlation of chromatophore localization of nuclear-encoded proteins with occurrence of the conserved N-terminal crTP sequence. Which role the crTP plays for import into the chromatophore, whether it is cleaved off after protein translocation, whether cytosolic factors, components of the endomembrane system, or molecular chaperones within the chromatophore are involved in the import process, is currently unknown. Also, the nature of the transport complex that presumably enables translocation across the chromatophore envelope membranes remains to be determined. Nevertheless, although protein localization studies in heterologous systems have to be interpreted with caution [30], the finding that N-terminal crTPs lead to import of crTP::YFP constructs into tobacco chloroplasts corroborates our interpretation of this sequence as a chromatophore transit peptide and suggests common components (e.g., the use of common components in the protein translocons that derive from conserved cyanobacterial proteins, such as the TIC21 ortholog identified in the chromatophore genome [14] ) or principles (e.g., membrane contact through the formation of amphiphilic helices in the transit peptides [31-33]) in chromatophore and chloroplast protein import pathways. However, because in P. chromatophora no ortholog of the cyanobacterium-derived plastid outer-membrane translocon pore TOC75 was identified and crTPs are noticeably distinct in length and sequence features from cTPs, it is not entirely clear whether the observed chloroplast-targeting capacity of the crTP is indeed a result of TIC/TOC-mediated import [34] or an alternative import pathway, e.g., involving the secretory pathway [35] . Further experimental work will be required to understand the molecular basis for crTP-mediated protein targeting into chloroplasts. The targeting mechanism for short import candidates, such as PsaE, into the chromatophore seems to be either not functional in planta or disturbed by the fusion of the much larger YFP to the C terminus of PsaE.
In Silico Prediction of the Chromatophore Proteome Through developing in silico predictions of chromatophore-targeted proteins, we generated a comprehensive map of putatively chromatophore-localized proteins. Predicted and experimentally determined import candidates contribute to chromatophore-localized processes, such as biosynthesis of amino acids, co-factors and nucleotides, genetic information processing, detoxification, and protection against reactive oxygen species. The finding that a large group of import candidates encodes proteins annotated as transcription factors suggests that, similar to the situation in mitochondria and plastids, nuclear-encoded proteins evolved into factors able to exert transcriptional control over chromatophore genes. Furthermore, nuclear factors, such as the identified TIC32 ortholog, might be involved in the control of protein import into the chromatophore. However, identity, composition, and way of functioning of a putative chromatophore protein translocon will have to be determined. The clear over-representation of plastid-associated GO terms in the chromatophore-targeted proteins underlines the strongly convergent evolution between plastids and the chromatophore.
The Chromatophore Proteome Re-arrangement Process Interestingly, only few of the import candidates identified were of EGT origin, more were of HGT origin, but most seemed to derive from the ancestral host cell [9] [10] [11] . Thus, the re-targeting of EGTderived proteins appears to play only a minor role at the onset of chromatophore integration, and it is initially mainly the import of host proteins that replaces functions lost from the chromatophore genome or adds new functions. The finding of HGTderived, chromatophore-targeted proteins supports a previously proposed scenario in which, during a mixotrophic evolutionary state, the reduction of the endosymbiont genome drives the fixation of horizontally acquired compensatory genes from prey bacteria [9] .
We found several instances where both a nuclear and a chromatophore gene encode the same enzymatic function, with both gene products being localized to the chromatophore. This configuration would allow one copy of the gene to acquire deleterious mutations and eventually be erased and has been postulated as gene transfer intermediate [36] . The nuclear-encoded cyanobacterial CysK proteins in P. chromatophora, with one isoform carrying a crTP and the others lacking crTPs ( Figure 5 ), illustrates that transferred genes not always attain the targeting information necessary to be relocated into the organelle; instead, gene transfers or subsequent genomic re-arrangements can entail acquisition of other functional domains.
Elements of Parallel Evolution in Other Endosymbiotic
Associations Interestingly, chromatophore integration parallels, in many aspects, integration of diverse non-photosynthetic bacterial endosymbionts that are found in various eukaryotes [37] [38] [39] . Although extensive EGT did not occur in the systems analyzed, many endosymbionts underwent pronounced reductive genome evolution, sometimes to levels close to mitochondria and plastids [40] . Similar to the situation in P. chromatophora, genes lost from these endosymbiont genomes seem to be functionally compensated for by proteins expressed from the host genome (e.g., [41, 42] ). Some of these nuclear genes apparently derive from bacteria other than the endosymbiont via HGT (e.g., [43, 44] ). An initial MS-based study suggested that, at least in the Buchnera/aphid symbiosis, large-scale protein import into Buchnera cells does not occur [45] . However, recent studies found specific short host-encoded proteins to localize to bacterial endosymbionts [23, 24, 46] , including a 21-kDa protein that is imported into Buchnera cells in aphids and most likely derives from a bacterium via HGT [47] . Extent of protein import-in particular the ability to import larger enzymes-as well as putative protein import routes remain unknown. Nevertheless, these findings, in combination with our results, suggest that the functional replacement of symbiont-encoded proteins through the import of host-encoded proteins (of diverse phylogenetic origins) might be a phenomenon much more widespread than currently recognized and is not necessarily tied to the occurrence of EGT.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Mass spectrometric analysis and protein identification Samples for MS analysis were shortly separated (about 4 mm running distance) by SDS-PAGE on 4%-12% polyacrylamide gels followed by silver staining and then prepared as described in [50] . Briefly, reduced and alkylated proteins were digested overnight in 50 mM ammonium bicarbonate using 0.1 mg trypsin (Serva, Heidelberg, Germany). Finally, resulting peptides were extracted from the gel with 1:1 (v/v) 0.1% trifluoroacetic acid / acetonitrile and the acetonitrile removed by vacuum concentration. 500 ng peptides reconstituted in 0.1% trifluoroacetic acid were first separated on an Ultimate 3000 Rapid Separation liquid chromatography system (Thermo Scientific, Dreieich, Germany). Initially, peptides were pre-concentrated on a trap column (Acclaim PepMap100, 3 mm C18 particle size, pore size 100 Å , inner diameter 75 mm, 2 cm length, Thermo Scientific, Dreieich, Germany) at a flow rate of 6 mL/min using 0.1% (v/v) TFA as mobile phase. After 10 min, the peptides were separated on an analytical column (Acclaim PepMapRSLC, 2 mm C18 particle size, 100 Å pore size, 75 mm inner diameter, 25 cm length, Thermo Scientific, Dreieich, Germany) at 60 C using a 2 hr gradient from 4 to 40% solvent (0.1% (v/v) formic acid, 84% (v/v) acetonitrile in water) at a flow rate of 300 nl/min. Separated peptides were directly injected in an online coupled QExactive plus high resolution hybrid quadrupole orbitrap mass spectrometer (Thermo Scientific, Bremen, Germany) via a nano electrospray ionization source using distal coated silica emitters (FS360-20-10-D; New Objective, Woburn, MA, USA). The mass spectrometer was operated in positive mode, capillary temperature was set to 250 C and source voltage to 1.4 kV. Full scans were recorded in the orbitrap analyzer in profile mode with a resolution of 70,000 over a scan range from 350 to 2,000 m/z with a maximum ion time of 80 ms and the target value for the automatic gain control set to 3,000,000. Up to ten two-and threefold charged precursor ions were isolated by the build-in quadrupole within a 2 m/z isolation window, fragmented via higher-energy collisional dissociation and fragments analyzed in the orbitrap with a maximal ion time of 60 ms and the target value for the automatic gain control set to 100,000. The resolution was set to 17,500, the available scan range was 200 to 2,000 m/z and spectra were recorded in centroid mode. Already fragmented precursors were excluded from analysis for the next 100 s.
Database searches and protein quantification were carried out within the MaxQuant environment version 1.5.3.8 (MPI for Biochemistry, Planegg, Germany) using standard parameters if not otherwise stated. A proteome dataset, which consists of 60,975 entries (composed of the translated P. chromatophora transcriptome excluding chromatophore-derived transcripts [9] plus translated ORFs on the chromatophore genome [8] ) was used for spectrum identification. Peptides and proteins were accepted at a false discovery rate of 1%, tryptic cleavage specificity and a maximum of two missed cleavage sites were given as parameters for digestion. Protein-N-terminal acetylation and methionine oxidation were considered as variable as well as carbamido methylation at cysteines as fixed modification. Precursor mass tolerances were set to 20 ppm for the first and after recalibration 4.5 ppm for the second search, mass tolerances for fragment spectra to 20 ppm. Label-free quantification was enabled with standard parameters (minimal ratio count of two, unique and razor peptides were used for quantification as well as peptides with variable modifications).
Prediction of import candidates: SVM approach
To predict (long) chromatophore-targeted proteins we adapted previously published methodology [30] . Here, we used only the first 260 amino acids derived from the crTP alignment of the 24 HC long import candidates ( Figure 3B ) as region to harbor the putative import signal and defined a score threshold below which a protein is regarded as not imported into the chromatophore (Table S5) . To derive a score threshold for distinguishing between imported and not imported, an n-fold cross-validation (cv) with n = size of training set was performed. Using these results, a receiver operating characteristic (ROC) curve was used to obtain the threshold which distinguishes best between the two classes, while having true positive rate (TPR, sensitivity) and false positive rate (FPR, specificity) optimized (closest to TPR = 1 and FPR = 0). Five SVM models (Table S5) showed a sensitivity and specificity of 1.0 for a test set composed of 10 proteins (46 proteins were used for training; half imported and half not imported proteins for each set; see Table  S3 ). The protein features used for prediction showed an overlap with motifs previously observed in the crTP alignment. Of these five models, the model which showed the best performance on the HC import candidates was chosen; all proteins but one, which was too short for a prediction by the SVM model, were predicted as imported.
To get an optimal set of features for the N terminus of a protein used for the prediction we previously used the top n features according to Matthews correlation coefficient (MCC) [30] . Here, we also used a stepwise regression approach using forward selection. Each parameter set was evaluated either by a 5-fold cv repeated 100 times, or an n-fold cv applying an area under the ROC curve (AUC) for both approaches (Table S6) .
HMM approach
Using the crTP alignment of long HC import candidates ( Figure 3B ) and the best scoring N-terminal features of the SVM models (Table  S7) , seven areas within the crTP were manually defined ( Figure 3B ) and converted into HMMs using the HMMER3 (http://hmmer.org/) suites' hmmbuild with standard parameters. Subsequently, hmmsearch was used to search for the motifs in the list of 28 chromatophore-imported proteins which were already used in the SVM approach (training + test set, Table S3 ). To do this, the size of the database was set to the size of the P. chromatophora proteome, the E-value was set to 10,000 and the max parameter was used to get as much results for the seven motifs as possible. Based on manual inspection of min and max score values, a gathering cutoff was defined for every motif, and subsequently applied to search for the seven motifs in the whole proteome. search, mass tolerances for fragment spectra to 20 ppm. Label-free quantification was enabled with standard parameters (minimal ratio count of two, unique and razor peptides were used for quantification as well as peptides with variable modifications).
DATA AND SOFTWARE AVAILIABILITY
The accession number for the proteome data reported in this paper is PRIDE Repository (https://www.ebi.ac.uk/pride/archive/): PXD006531.
